Mitochondrial ATP synthase is responsible for the synthesis of ATP, a universal energy currency in cells. Whereas X-ray crystallography has revealed the structure of the soluble region of the complex and the membrane-intrinsic c-subunits, little is known about the structure of the six other proteins (a, b, f, A6L, e, and g) that comprise the membrane-bound region of the complex in animal mitochondria. Here, we present the structure of intact bovine mitochondrial ATP synthase at ∼18 Å resolution by electron cryomicroscopy of single particles in amorphous ice. The map reveals that the a-subunit and c 8 -ring of the complex interact with a small contact area and that the b-subunit spans the membrane without contacting the c 8 -ring. The e-and g-subunits extend from the a-subunit density distal to the c 8 -ring. The map was calculated from images of a preparation of the enzyme solubilized with the detergent dodecyl maltoside, which is visible in electron cryomicroscopy maps. The structure shows that the micelle surrounding the complex is curved. The observed bend in the micelle of the detergent-solubilized complex is consistent with previous electron tomography experiments and suggests that monomers of ATP synthase are sufficient to produce curvature in lipid bilayers.
Mitochondrial ATP synthase is responsible for the synthesis of ATP, a universal energy currency in cells. Whereas X-ray crystallography has revealed the structure of the soluble region of the complex and the membrane-intrinsic c-subunits, little is known about the structure of the six other proteins (a, b, f, A6L, e, and g) that comprise the membrane-bound region of the complex in animal mitochondria. Here, we present the structure of intact bovine mitochondrial ATP synthase at ∼18 Å resolution by electron cryomicroscopy of single particles in amorphous ice. The map reveals that the a-subunit and c 8 -ring of the complex interact with a small contact area and that the b-subunit spans the membrane without contacting the c 8 -ring. The e-and g-subunits extend from the a-subunit density distal to the c 8 -ring. The map was calculated from images of a preparation of the enzyme solubilized with the detergent dodecyl maltoside, which is visible in electron cryomicroscopy maps. The structure shows that the micelle surrounding the complex is curved. The observed bend in the micelle of the detergent-solubilized complex is consistent with previous electron tomography experiments and suggests that monomers of ATP synthase are sufficient to produce curvature in lipid bilayers.
A TP synthases are responsible for the synthesis of ATP from ADP and inorganic phosphate. In mammalian mitochondria, the enzyme is an ∼600-kDa membrane protein complex comprised of a catalytic F 1 region and a membrane-bound F O region. The F 1 region consists of subunits α 3 β 3 γδε (1, 2) and the F O region consists of subunits abc 8 defg(A6L)F 6 (3) . The F 1 and F O regions are connected by a central stalk, comprised of the γ-, δ-, and ε-subunits from the F 1 region, and a peripheral stalk, comprised of the oligomycin sensitivity conferral protein (OSCP) and subunits b, d, and F 6 from the F O region (4, 5) . Previously, electron cryomicroscopy (cryo-EM) of intact detergent-solubilized bovine ATP synthase particles embedded in a thin layer of amorphous ice revealed the overall shape of the complex at 32 Å resolution (6) , and subsequent analysis of the Saccharomyces cerevisiae enzyme produced a similar map at 24 Å resolution (7) . X-ray crystallography of subcomplexes of the bovine enzyme has defined the arrangement of subunits in the F 1 region (8) and the peripheral stalk (9, 10) and showed the presence of a ring of eight c-subunits in the F O region (11) . The structure and arrangement of the remaining subunits in the membrane-bound region of the enzyme are not known.
The ATP synthase functions by a rotary catalytic mechanism. Proton translocation through the F O region requires the a-, b-, and c-subunits (12) (13) (14) and induces rotation of the membranebound c 8 -ring (15) . The structure of the c 8 -ring is thought to be stabilized by binding of cardiolipin to a lysine residue conserved throughout animalia that has been shown to be trimethylated at the ε-amino group in all animal ATP synthases tested (11, 16, 17) . The c 8 -ring is attached to the central stalk, and as this asymmetric rotor rotates within the α 3 β 3 hexamer, it drives ATP synthesis by inducing conformational changes in three catalytic nucleotide binding sites located at interfaces between α-and β-subunits (2) . During rotation of the central rotor (15) , the F 1 region of the complex is held stationary relative to the F O region by the peripheral stalk, and disruption of this connection between F 1 and F O abrogates ATP synthesis (6, 18, 19) . Electron tomography of mitochondria and mitochondrial membranes has shown that ribbons of ATP synthase dimers are found at regions of high curvature in the mitochondrial membrane (20, 21) . In eukaryotes, the enzyme contains nonessential subunits in the F O region, called subunits e and g in the bovine complex, that are associated with dimers of the enzyme in yeast (22, 23) . It has been proposed that oligomers of ATP synthase induce and maintain regions of high membrane curvature, producing the characteristic cristae of mitochondria. Consistent with this model, deletion of subunit e or g in yeast results in formation of mitochondria with aberrant morphology (22) (23) (24) (25) .
Here, we use single particle cryo-EM of bovine ATP synthase solubilized with the detergent dodecyl maltoside (DDM) to produce an ∼18 Å resolution map of the complex. The structure reveals the boundaries between many of the subcomplexes of the enzyme, which agree well with available crystal structures and show the arrangement of subunits in the membrane-bound region of the complex. The densities attributed to the a-subunit and c 8 -ring make minimal contacts in the middle of the membranebound region, limiting the protein-protein interactions where the c 8 -ring rotates against the a-subunit. Localization of the e-and gsubunits reveals that they extend from the rest of the membranebound region distal to the c 8 -ring. The structure of the DDM micelle seen in the present map possesses a strong curvature, atypical of previously observed detergent micelles for membrane proteins from planar lipid bilayers (26, 27) . The results suggest that ATP synthase would produce a curved membrane structure. When dimers are modeled with the observed detergent micelle, the curvature is consistent with previous electron tomographic analysis of the complex in mitochondrial membranes (20, 21) .
Results
Overall Map and the Soluble Region of the Complex. Purified ATP synthase was subjected to cryo-EM, and a dataset of nearly 60,000 particle images was collected (Fig. S1A ). Class average images (Fig. S1B ) were calculated and used to construct an initial map of the enzyme by rotational analysis (6, 7, 28) (Fig. S1 C and  D) . Initial attempts at map refinement, when analyzed with tilted pairs of images, showed a poor accuracy for projection matching (Fig. S2A) . When the same methodology was applied to cryo-EM images of the Thermus thermophilus A/V-type ATPase (29), a significantly better alignment accuracy was obtained, producing a final map at 9.7 Å resolution. The accuracy of the alignment of the bovine F-type ATP synthase images was subsequently improved by optimization of computational conditions (30) . After exclusion of images that did not align well ( Fig. S2 B and C) , a final map was built to 18 Å resolution (Fig. S3) . Cross-sections through the map (Fig. 1) show the ability to resolve the peripheral stalk structure and the individual α-and β-subunits that make up the catalytic hexamer. To aid in map interpretation, the map was segmented to highlight boundaries between subunits and subcomplexes (31) . These segments correspond to the individual α-and β-subunits, the central stalk subcomplex, the peripheral stalk subcomplex, the c 8 -ring, one other segment within the F O region, and the micelle of detergent and lipid that surrounds the F O region (Fig. 1B) .
Fitting of a crystal structure of the membrane extrinsic portion of the bovine ATP synthase (10) shows that the map is consistent with the shapes and arrangements of the α-and β-subunits and the positioning of the central rotor. However, the orientation of the peripheral stalk subcomplex relative to the rest of the enzyme shows differences in the cryo-EM map and crystal structure ( Fig.  2 ) (10) . At the apex of the F 1 region, the peripheral stalk follows the same path in the crystal structure and cryo-EM map. On the membrane side of the β-hairpin that links the N-and C-terminal domains of OSCP (Fig. 2B , i, blue arrow), which was suggested previously to be a flexible region (10), the peripheral stalk is positioned precisely along the α/β-interface in the cryo-EM map, ∼10 Å displaced from its position in the crystal structure ( Fig.  2B , i, blue arrow). The path of the peripheral stalk in the intact ATP synthase is consistent with the prediction that there is a region of flexion, or hinge, around residue 146 of subunit b (10) . Furthermore, the cryo-EM map shows that the peripheral stalk exhibits a change in curvature where it enters the membranebound region of the complex (Fig. 2B , i, orange arrow), which was not part of the complex described in the crystallographic studies. Docking of atomic models from crystallography suggests that the position of this bend may correspond with the location of two conserved glycine and two conserved proline residues in subunit b, amino acids with a propensity to disrupt α-helices.
Membrane-Bound F O Region. In addition to the a-, b-, and c-subunits found in the membrane-bound region of the bacterial ATP synthase, eukaryotic F-type ATP synthases contain several other membrane proteins, some of unknown function. Cross-sections through the membrane-bound region of the map show that wellresolved features can be detected in the F O region of the complex (Fig. 1C, iii-v) . A ring of density is apparent in cross-sections through the F O region, corresponding to the ring of eight csubunits known to exist in this enzyme (11) . Density could be followed from the peripheral stalk into the membrane region of the map, revealing the membrane-bound portion of subunit b, the only subunit to span the soluble and membrane-embedded parts of the peripheral stalk. Additional density is apparent abutting the c 8 -ring, which likely contains the proton-conducting a-subunit in addition to other membrane-bound subunits of the F O region (A6L, e, f, and g). This density produced a map segment that spans the height of the detergent micelle where the segment contacts the c 8 -ring ( Fig. 3 C and F) . Distal to its contact point with the c 8 -ring, the segment extends at an angle of ∼43°f rom the expected plane of the lipid bilayer ( Fig. 3 D and E) . Because only the a-, b-, and c-subunits are necessary for proton translocation in minimal bacterial versions of the F-type ATP synthase (12) (13) (14) , we hypothesize that the a-subunit in this segment is adjacent to the c 8 -ring to form the proton-conducting path through the membrane. (ii) In the F 1 region of the complex, the three α-and three β-subunits can be seen surrounding the γ-subunit, with the peripheral stalk running along an α/β-interface. (iii) Near the middle of the membrane region, the density that contains subunit a contacts the c 8 -ring. (iv) Further towards the intermembrane space, the segment that contains the a-subunit is separate from the c 8 -ring. (v) At the intermembrane space side of the membrane region, a density that contains the e-and g-subunits can be seen running along the detergent micelle. (Scale bars: 50 Å.) The scale bar in A, ii applies to all map segments, and the scale bar in C, ii applies to all of the map slices.
The segment that contains the a-subunit seems to make limited contact with the c 8 -ring (Fig. 3) . The primary point of contact occurs near the center of the membrane-bound region. Although other contacts are observed between the segment that contains the a-subunit and c 8 -ring segments near the intermembrane space, density from the micelle in this region decreases the confidence with which boundaries can be identified. There is no density immediately above or below the primary contact point between the segment that contains the a-subunit and the c 8 -ring in the middle of membrane region. This absence of density is consistent with offset half-channels for proton translocation across the lipid bilayer (29, 32) (Fig. 4A) . A second portion of the segment containing the a-subunit, distal to the c 8 -ring, consists of a planar extension from the main density. As done previously (7), subunits e and g can be localized to this region of the complex by comparison of the bovine map with a lower-resolution map of the yeast ATP synthase, where the detergents used to solubilize the enzyme selectively dissociate the e-and g-subunits (7, 33) ( Fig. 3 A and B) . The density corresponding to subunits e and g contacts the detergent-lipid micelle segment as it extends from the expected plane of the lipid bilayer (Figs. 1C, i and 3) .
The map of ATP synthase reveals a distinctive micelle structure. The enzyme was solubilized in DDM and a mixture of cardiolipin, phosphatidylcholine, and phosphatidylethanolamine, and the micelle may include bound lipids, such as any cardiolipin bound to the trimethylated lysine 43 residues of subunit c, in addition to detergent. Other recent cryo-EM maps of membrane proteins in the detergent DDM (26, 29) have shown that this A B The location of subunits e and g in the bovine enzyme was confirmed by comparison with a previously published map of the complex from the yeast S. cerevisiae (7), from which subunits e and g are lost on being solubilized with detergent. The intact yeast map is shown in white in A, with the positive and negative differences from the current bovine map shown in green and red, respectively. Positive densities show regions present in the bovine complex but absent in the yeast enzyme, and can be attributed to the e-and g-subunits. The large positive difference density in the membrane is overlaid as a pale purple transparency on the segments from the bovine map in B. (C-F) Segments were obtained for the detergent-lipid micelle, c 8 -ring, N-terminal region of subunit b, and a subcomplex that contains subunit a and the remaining subunits of the F O region (e, f, g, and A6L). The segment containing subunit a can be considered to have two portions. One portion spans the membrane next to the c 8 -ring. The second portion overlaps with the positive difference density from A and is thought to contain subunits e and g. This portion extends from the rest of the membrane region and maintains a large contact with the detergent-lipid micelle, which strongly deviates from the planar structure thought to exist for most membrane proteins. The c 8 -ring and the segment that contains subunit a make only limited contacts above the middle of the lipid bilayer (C), with no density above or below the contact point between the a-and c-subunits (shown in F with the c 8 -ring removed for clarity). (Scale bar: 50 Å.) detergent can be visualized in 3D maps from amorphous iceembedded protein particles. In these other maps, the detergent micelle has a torroidal or donut shape, which one would expect from standard models of detergent micelles in detergent-protein complexes (27) . In the map of the bovine ATP synthase, the micelle has a marked bend. The shape of the micelle and the arrangement of protein density around it suggest that ATP synthase would cause the lipid bilayer in which it is embedded to bend.
Discussion
The map presented here reveals the structure of the intact peripheral stalk. Taken together, the differences between the crystal structures and EM map of the peripheral stalk, the bend in the intact peripheral stalk near the membrane in the EM map, and the small contact area between the peripheral stalk and the α-and β-subunits suggest that anchoring of the peripheral stalk in the membrane may influence its trajectory. This anchoring in the membrane may be important if the peripheral stalk possesses some degree of flexibility, because it could permit small movements to accommodate conformational changes in the associated α-and β-subunits during catalysis (10) . In addition, one of the most striking features of the map of intact ATP synthase is the small contact area between the segment that contains the asubunit and the ring of c-subunits. This limited contact suggests that the peripheral stalk may help hold the a-subunit against the c 8 -ring to maintain the proton-conducting pore through the membrane. The transmembrane portion of the peripheral stalk is positioned on the opposite side of the segment containing the asubunit from the c 8 -ring (Figs. 1C, iv and 3) , which could enable the peripheral stalk to carry out this role.
Limited contact between the equivalents of the a-subunit and c-ring was seen previously in a map of the ATP-synthesizing V/Atype rotary ATPase from T. thermophilus (26, 29) , suggesting that this feature might be conserved across V-and F-type ATPases. The minimal contact limits the protein-protein interactions between the a-subunit and other membrane-bound subunits and the c 8 -ring, which would otherwise impede the rotation necessary for catalysis. In maps of the T. thermophilus V/A-type rotary ATPase, the size of the contact between the c 12 -ring and I subunit (equivalent to the a-subunit here) appeared somewhat smaller at 16 Å resolution (26) than 9.7 Å resolution (29) . We anticipate that, like the structure of the T. thermophilus enzyme, the contact between the a-subunit and c 8 -ring is sufficiently large to accommodate the mid-membrane ends of both the mitochondrial matrix and intermembrane space half-channels that conduct protons across the mitochondrial inner membrane. The a-subunit of the bovine enzyme and the equivalent subunit of the T. thermophilus enzyme are expected to have dramatically different topologies. The F-type ATP synthase a-subunit has been proposed to contain five transmembrane helices (34, 35) , whereas the equivalent T. thermophilus subunit is thought to contain eight transmembrane α-helices (29, 36) . Despite this difference, both subunits appear to form structures that present the midmembrane ends of both proton-conducting half-channels to the c-ring with a small contact area. The structure of the T. thermophilus V/A-type ATPase identified two clusters of transmembrane α-helices, each comprising one of the putative halfchannel across the membrane. Although at lower resolution, the bovine F-type ATP synthase appears to share this architecture with fewer helices in the a-subunit. This consistent structure suggests that protons flowing through the F O region of the ATP synthase would enter through one cluster of helices, transfer to the c 8 -ring (where the a-subunit contacts the ring), and exit the lipid bilayer through a second cluster of helices (Fig. 4A) . At the present resolution, the α-helices that comprise the clusters cannot be resolved and together appear as lobes in the map segment containing the a-subunit.
The localization of ATP synthase particles to dimer ribbons at regions of high curvature in mitochondrial membranes is now well-established (20, 21, 37) . The results presented here suggest that monomers of ATP synthase can induce membrane curvature. In the map of ATP synthase, the micelle deviates from planar with a bend of ∼43° (Fig. 3C) . If this curvature was also to be created in a lipid bilayer, two ATP synthase complexes placed with their e-and g-subunits in contact would bend the lipid bilayer at ∼86° (Fig. 4 B and C) . Electron tomography of intact mitochondria and cristae membranes from various species showed the membranes to be bent at ∼90°where ATP synthase dimers were found, with bovine heart mitochondria bent at ∼80° ( (Fig. 4B, outlined in blue) , which is in good agreement with the curvature seen here. The center-to-center distance between the F 1 regions for the two ATP synthase complexes shown in Fig. 4 B and C is ∼250 Å, consistent with estimates from electron tomography (20) .
In an earlier map of ATP synthase at lower resolution (6), curvature of the F O region and detergent micelle were not apparent. Membrane boundaries were less clear in this earlier map both due to the lower resolution and because the preparation of ATP synthase used to produce the map was solubilized with the detergent Brij-35. Brij-35 has a density similar to the density of the vitreous ice background (38) and, consequently, the micelle could not be readily resolved and curvature was not detected.
Localization of ATP synthase dimers to regions of high curvature in the mitochondrial inner membrane has been proposed to improve exploitation of the proton motive force across the membrane (20, 21) . From the structure of the F O region of the complex presented here, ATP synthase particles would not only be expected to localize to regions of high curvature but also produce this curvature from otherwise planar lipid bilayers. The e-and g-subunits are found in the curved region of the micelle, indicating a role in producing the curvature. This role is consistent with experiments showing that onion-like mitochondria without sharp bends in their inner membranes form in yeast on deletion of subunit e (22) or g (25) or mutation of subunits e, g, or b to cause loss of subunit g from the complex (24, (39) (40) (41) . The observed curvature suggests that the monomeric enzyme in isolation would produce an unusual membrane topology, which would be under strain in a planar lipid bilayer. Clustering of ATP synthase complexes into dimer ribbons would minimize this strain, and dimer ribbons would constitute the lowest-energy arrangement of ATP synthase particles in the membrane. Therefore, the membrane-curving structure of the F O region of the complex could contribute to self-assembly of ATP synthase into the dimer ribbon structures found in mitochondrial membranes.
Methods
Protein Purification. ATP synthase was isolated using metal affinity chromatography after binding to heterologously expressed residues 1-60 of the naturally occurring inhibitor protein (IF 1 ) with a C-terminal tag of six histidine residues (42) . In the final step of the purification, the complex was eluted from the chromatography matrix in buffer containing 20 mM Tris·HCl (pH 7.8), 100 mM NaCl, 2 mM MgSO 4 , 1 mM ATP, 25 mM imidazole, 0.02% (wt/vol) NaN 3 , 10% (vol/vol) glycerol, 0.1% (wt/vol) DDM, and 0.1 mg/mL cardiolipin, phosphotidylethanolamine, and phosphotidylcholine (3:1:1) from bovine heart (Avanti Polar Lipids).
Cryo-EM Specimen Preparation and Imaging. Samples were prepared for cryo-EM as described previously (6, 7) . Briefly, the enzyme was dialyzed into a glycerol-free buffer immediately before freezing grids for cryo-EM [20 mM Tris·HCl (pH 7.8), 100 mM NaCl, 2 mM MgSO 4 , 1 mM ATP, 0.02% (wt/vol) NaN 3 , 0.1% (wt/vol) DDM, 0.1 mg/mL lipids]. R2/2 Quantifoil grids were glow-discharged in air for 2 min before loading into a Vitrobot plunge freezing device (FEI Company); 4 μL ATP synthase at ∼2.5 mg/mL were applied to the grids, allowed to equilibrate for 30 s, blotted for 10 s, and plunged frozen in liquid ethane. Grids were transferred in a Gatan 626 cryoholder to a FEI Tecnai F20 electron microscope equipped with a field emission gun and operating at 200 kV and 50,000× magnification. Images were acquired under low-dose conditions at defoci between 3 and 7 μm. For untilted images, electron exposures of 25-30 e − /Å 2 were used to optimize signal-to-noise ratios for spatial frequencies corresponding to information between 20 and 50 Å (43) . For pairs of tilted images, this exposure was divided evenly between the first image (with a goniometer setting of +15°) and the second image (with a goniometer setting of −15°). Film was digitized with a Photoscan densitometer (Intergraph) at a step size of 7 μm and averaged 2 × 2, giving an effective pixel size of 2.8 Å. Contrast transfer function (CTF) parameters for each micrograph were determined with CTFFIND3 (44) .
Image Processing and Refinement of 3D Maps. We manually selected 57,885 particle images with Ximdisp (45) from 848 untilted micrographs, and 231 tilted particle image pairs were obtained from 9 pairs of micrographs with a 30°rotation between them. Images were band-pass filtered to between 700 and 20 Å for 2D alignment and classification by principal component analysis and k-means clustering with SPIDER (46) . The resulting class averages were combined to build an initial 3D map using rotational analysis (28) , which was refined with unfiltered particle images using Frealign version 7 (47) . Optimal alignment conditions were found by the tilted pair alignment test (SI Results) to consist of a circular mask with a radius of 135.0 Å, solvent flattening for densities 1.0-1.25 SDs below the average voxel intensity in the map, and inclusion of information between 150 and 22-40 Å, depending on iteration, during projection matching. The map converged after 20 iterations of refinement using three different sets of alignment conditions. The resolution of the map was estimated with Rmeasure (48) as 18 or 20 Å with the 0.143 (49) and 0.5 criteria, respectively, and Fourier shell correlation as 19 or 22 Å with the 0.143 and 0.5 criteria, respectively. After exclusion of 47,424 poorly aligning images to eliminate unstructured background density (representing ∼82% of the data) (SI Results), the resolution of the final map did not change, but features became more clearly defined. All of the features discussed were apparent at all of these resolutions, but they were most distinct at 18 Å; all figures are shown rendered at this resolution. Map segmentation was performed with edged watershed segmentation (31) , where manually placed seeds are used to identify map segments with interfaces that are defined by a combination of edge detection and watershed algorithms. During map visualization, segments were constrained to fit inside the overall map at a selected contour, and consequently, the combined map segments appear to be smaller than the experimental map.
